Neutron scattering measurements of a hydrogenated vitreous silica ͑or xerogel͒ sample reveal an unexpectedly high mean-square displacement of the silanol hydrogen atoms at 150 and 300 K. At 150 K, the spectrum mimics the boson peak of vitreous silica. The finding suggests a large local displacement of the boson peak modes at the breaking points of the continuous random network.
The confinement of water in porous silica is a wellstudied subject. [1] [2] [3] [4] At low hydration, the water molecules form a layer of interfacial water on the pore surface, which is rendered hydrophilic by the silanol terminal OH bonds. While much is known about the water dynamics of the interfacial layer, there is practically no information on the dynamics of the silanol bonds. The present paper supplies such information from an inelastic neutron scattering experiment on a xerogel sample, studied earlier by some of us with Raman scattering and low-temperature heat capacity measurements. 5 The silica gels were prepared by hydrolysis of mixtures of triethoxylane and tetraethoxilane dissolved in ethanol. Details concerning the preparation of xerogels are given elsewhere. 6 The silica-xerogel sample with nominal stoichiometric formula Si 8 O 15 H 2 was annealed for 24 h at 500°C. After annealing, the density of the sample was 1940 kg/ m 3 . In the SiO 2 matrix, pores of 4 m 2 /g ͑determined by adsorbing N 2 at 77 K͒ are present. In these pores, one has to reckon with additional hydrogen atoms, partially as OH silanol bonds on the inner surface and partially as interfacial water inside closed pores.
Measurements at 150 and 300 K were done on the cold neutron time-of-flight spectrometer IN6 at the High Flux Reactor of the Institute Laue-Langevin at Grenoble. The wavelength of the incoming neutrons was 5.1 Å with a resolution of 70 eV.
In the standard data treatment, the empty container was subtracted and the measurement was normalized to vanadium and corrected for the wavelength-dependent detector sensitivity. The multiple scattering ͑a small contribution because the sample was a weak scatterer͒ was corrected assuming isotropic multiple scattering.
The elastic scattering from the sample is taken to be a sum of an incoherent hydrogen part and a coherent a-SiO 2 part. The latter is assumed to be the same as in vitreous silica. 7 We fit the elastic scattering of the hydrogenated sample with the function 7 The result is shown in Fig. 1 . The fit is restricted to Q values above 0.6 Å −1 , because one has to reckon with small-angle scattering from pores.
According to this fit, the scattering from the hydrogen atoms is about five times stronger than the one from SiO 2 . Taking the scattering cross sections 2.18 b for Si, 4.24 b for O, and 81 b for H, one calculates from the data of Fig. 1 a ratio of hydrogen to SiO 2 of 0.66. This means an average composition formula a-SiO 2 H 0.66 , i.e., one hydrogen per every three oxygen atoms, about twice as much hydrogen as in the nominal composition. This implies that the heat treatment has not totally removed the confined water in the xerogel pores. We conclude that, in the case of a treated sample, about half of the hydrogen atoms are situated in the pores, either as OH surface bonds or as interfacial water.
The Debye-Waller coefficients give mean-square hydrogen displacements ␣ H = 0.036 Å 2 at 150 K and ␣ H = 0.14 Å 2 at 300 K.
To determine the vibrational density of states, one needs to know whether the inelastic signal comes only from the hydrogen or both from the hydrogen and the SiO 2 component. In order to decide that, one compares the data at 10 meV and 150 K to data from pure vitreous silica in the same frequency window. This is done in Fig. 2 . Figure 2 shows within experimental error a purely incoherent inelastic signal in the hydrogenated sample. Pure vitreous silica shows a coherent inelastic signal oscillating around a Q 2 behavior. 9 From the analysis of the elastic line, we know that one-fifth of the signal of the hydrogenated sample stems from SiO 2 . However, since there is no visible sign of the coherent oscillations in the hydrogenated sample data, we conclude that the inelastic signal may be attributed essentially to the hydrogen and that the inelastic SiO 2 contribution is small. This conclusion is in fact consistent with the findings on the elastic line described above. At 150 K, the hydrogen atoms in the hydrogenated sample have a seven times larger mean square displacement than the silicon and oxygen atoms in vitreous silica. Therefore, they dominate the inelastic signal not only by their larger scattering, but also by their larger partial vibrational density of states. This view is further supported by measurements on porous silica samples 10 and opals.
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To determine the vibrational density of states as a function of the energy transfer E = ប , we fit the inelastic intensity with the two parameters f inel ͑E͒ and ␣ inel ͑E͒ in the expression
.
͑2͒
In this scheme, 12 one can remove the multiphonon influence by an appropriate iteration procedure, calculating the vibrational density of states from the prefactor f inel ͑E͒ and then calculating the expected effective Debye-Waller coefficients ␣ inel ͑E͒ in the Gaussian approximation. This scheme worked quite well for the 150 K data. In the 300 K data, we found strong indications for non-Gaussianity ͑even stronger than that found in polymers 12,13 ͒. The 300 K nonGaussianity is consistent with a bimodal distribution centered around 0.3 Å 2 ͑for interfacial water 4 ͒ and 0.08 Å 2 for the silanol protons.
From the effective vibrational density of states, one can calculate the Debye-Waller factor. The values of the DebyeWaller exponent determined in this way are ␣ H = 0.036 Å 2 at 150 K and ␣ H = 0.17 Å 2 at 300 K. They agree within the error bars with the values determined from the elastic line in the first section, thus showing the consistency of the whole analysis.
The elastic 300 K value ␣ H = 0.14 Å 2 allows us to estimate the interfacial water fraction. Zanotti et al. 4 yielding a fraction of 30% of interfacial water protons. This value is further supported by the 150 K boson peak data in Fig. 3 . The measured density of states is reasonably well reproduced by a sum of silica and interfacial water spectra, weighing the silica spectrum 9 with 70% and the interfacial water spectrum 4 with 30%. Note that this decomposition is able to explain satisfactorily the shift of the measured boson peak to a higher value ͑ϳ4.7 meV͒ than the pure silica one ͑ϳ4 meV͒.
We conclude that the hydrogen atoms in the hydrogenated silica sample mimic the motions in pure silica-but with a much higher amplitude. The factor of 7 in the mean square displacement at 150 K translates into an amplitude factor of 2.6, a rather drastic effect.
How can one understand this very large mean square displacement? From the heat capacity measurements, 5, 14 we know that the density of states of the xerogel is approximately equal to the one of pure silica, so the number of vibrational modes must be the same. Obviously, the amplitude of the protons in an OH bound to the silica network, either within the network or as silanol on a pore surface, must be considerably larger than the amplitudes of the oxygen and the silicon atoms.
The first explanation which comes to mind is to attribute this larger amplitude to the tetrahedra libration character 9 of the boson peak modes in silica. However, the structure of OH within silica 15 or as silanol on silica surfaces 16 is sufficiently well known. The Si-O-H angle is of the order of 113°, so even for a pure tetrahedra rotation one does not expect more than a factor of 1.3 between hydrogen and oxygen amplitude, a factor of 2 less than the one observed here.
A better explanation is in terms of the concept of defects in the continuous random network of an ideal glass. 17 Vitreous silica is an ideal glass in Philipps' 17, 18 counting scheme for strong constraints. For this assignment, both the Si-O distance and the O-Si-O bond bending are taken to be a strong constraint; the Si-O-Si angle is assumed to be completely flexible. Then one constrains nine degrees of freedom per molecule, leaving no structural flexibility to the continuous random network. The hydrogens form OH bonds, thus introducing an unconnected corner into the corner-connected SiO 4 -tetrahedra random network. It is obvious that such an interruption creates a rather mobile corner. Such a defect is expected to have unusual dynamical properties. In fact, silica samples with a small OH content showed additional tunneling states, the properties of which were clearly different from the intrinsic ones. [19] [20] [21] [22] With the composition a-SiO 2 H 0.46 determined here ͑after subtraction of the interfacial water͒, about one-fifth of the corner connections of the network are replaced with mobile OH groups. Many of these OH groups will be sitting at inner surfaces. But even those sitting in the random matrix are free from constraining covalent bonds. Relatively free to move, they mirror and magnify the vibrations of the random silica network.
In conclusion, in this work we measured the vibrational density of states in hydrogenated xerogels by means of neutron measurements. We were able to decompose the scattering into a smaller interfacial water component and a larger fraction of protons bonded to the silica network. The g͑͒ of the latter is very similar to that of amorphous silica in the boson peak frequency range, 5, 14, 23 but the amplitude of the protons in these modes is more than twice as large as the one of the network atoms.
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